Parkinson's disease (PD) is a common neurodegenerative disease that appears essentially as a sporadic condition. It results mainly from the death of dopaminergic neurons in the substantia nigra. PD etiology remains mysterious, whereas its pathogenesis begins to be understood as a multifactorial cascade of deleterious factors. Most insights into PD pathogenesis come from investigations performed in experimental models of PD, especially those produced by neurotoxins. Although a host of natural and synthetic molecules do exert deleterious effects on dopaminergic neurons, only a handful are used in living laboratory animals to recapitulate some of the hallmarks of PD. In this review, we discuss what we believe are the four most popular parkinsonian neurotoxins, namely 6-hydroxydopamine (6-OHDA), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), rotenone, and paraquat. The main goal is to provide an updated summary of the main characteristics of each of these four neurotoxins. However, we also try to provide the reader with an idea about the various strengths and the weaknesses of these neurotoxic models.
INTRODUCTION
Parkinson's disease (PD) is currently regarded as the most common degenerative disorder of the aging brain after the Alzheimer's dementia. Most epidemiological studies estimate that over one million individuals in the United States are carrying the diagnosis of PD and that roughly 50,000 new cases arise each year. 1 Clinically, PD is characterized by the tetrad of tremor at rest, slowness of voluntary movements, rigidity, and postural instability. 1 The cardinal biochemical abnormality in PD is the profound deficit in brain dopamine level, primarily, but not exclusively, attributed to the loss of neurons of the nigrostriatal dopaminergic pathway. 2 This pathway is made of dopaminergic neurons whose cell bodies are located in the substantia nigra pars compacta and whose axons and nerve terminals project to the striatum. 2 However, the neuropathology of PD is far from being restricted to the nigrostriatal pathway, and histological abnormalities are also found in many other dopaminergic and nondopaminergic cell groups. 2 Aside from the loss of neurons, other prominent neuropathological features of PD include gliosis 3 and the presence of intraneuronal proteinaceous inclusions called Lewy bodies (LBs) in the few remaining substantia nigra dopaminergic neurons. 2 Until now, very little is known about why and how the PD neurodegenerative process begins and progresses. Yet over the last two decades, tremendous strides toward acquiring a better knowledge of both the etiology and pathogenesis of PD have been achieved, thanks to numerous elegant clinical studies and investigations performed in autopsy materials and in vitro and in vivo experimental models of PD. 2 Despite these unquestionable advances, we still have major gaps in our understanding of the molecular and cellular biology of PD. Consequently, investigators still rely heavily on experimental models of PD to obtain greater insights into its cause, but more particularly into its pathogenesis. Whereas recent genetic discoveries have lead to a number of different genetic models of PD, none of these shows the typical degeneration of dopaminergic neurons. Thus far, among the various accepted experimental models of PD, neurotoxins have remained the most popular tools to produce selective neuronal death in both in vitro and in vivo systems.
In this paper, we will review the key neurotoxic models of PD, namely those produced by the toxins 6-hydroxydopamine (6-OHDA), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), rotenone, and paraquat.
Other less often used neurotoxins such as isoquinoline derivatives and methamphetamine will not be discussed here, but information regarding those toxins can be found (see Ref. 4) . Finally, two points must be emphatically stressed at the outset of this review paper. First, in vitro data will only be mentioned whenever necessary as this paper will focus on in vivo studies. This should not be taken as evidence undermining the significance of in vitro studies, but merely as a deliberate choice made by these authors. Second, some parts of this review represent shortened and updated pieces from previous reviews written by these authors. Should the reader be interested in these other reviews, see Refs. 2 and 4 -6.
6-OHDA, OR THE PROTOTYPIC OXIDATIVE STRESS NEUROTOXIN
On an historical note, it must be remembered that among all the selected techniques developed to study specific structures of the nervous system, the noradrenergic analog 6-OHDA and several other synthesized analogs have been introduced as catecholaminergic neurotoxins over 30 years ago. 7 Ever since, these neurotoxin compounds, especially 6-OHDA, have remained extensively used for both in vitro and in vivo investigations. Because of practical considerations, in living animals 6-OHDA has been used essentially in small animals such as rodents. In some instances, however, it has also been administered in nonhuman primates 8 -11 and, in particular for studies geared toward investigating the cardiovascular system, in dogs. [12] [13] [14] 6-OHDA shares some structural similarities with dopamine and norepinephrine, exhibiting a high affinity for several catecholaminergic plasma membrane transporters such as the dopamine (DAT) and norepinephrine transporters (NET). Consequently, 6-OHDA can enter both dopaminergic and noradrenergic neurons and inflict damage to the catecholaminergic pathways of both the peripheral and the central nervous systems. Therefore, should the goal be the production of a model of PD, with a specific lesion of the nigrostriatal dopaminergic pathway, it is imperative that attention be paid to the mode of administration of 6-OHDA (see below) as well as to several important technical details which have been reviewed by Jonsson. 7, 15 With respect to its mode of action, it is well accepted that 6-OHDA destroys catecholaminergic structures by a combined effect of reactive oxygen species (ROS) and quinones. 16 This view stems primarily from the demonstration that 6-OHDA, once dissolved in an aerobic and alkaline milieu, readily oxidizes, yielding hydrogen peroxide (H 2 O 2 ) and para-quinone 17, 18 as depicted in Figure 1 . Although the chemical reaction that underlies 6-OHDA-induced neurotoxicity appears straightforward, it is in fact a remarkably complicated reaction that does not occur as a spontaneous oxidation by molecular oxygen. This chemical reaction has been reviewed elsewhere and will thus not be discussed herein, but any reader interested in acquiring further information regarding this aspect of 6-OHDA biology is encouraged to refer to Przedborski and Ischiropoulos. 6 Like other parkinsonian neurotoxins to be discussed here, 6-OHDA can be administrated by systemic injection. However, contrary to MPTP, rotenone, or paraquat, this route of administration will not produce the desired nigrostriatal lesion. Instead, this is the preferred route of 6-OHDA administration to cause a chemical sympathectomy by damaging the peripheral nervous system. 7 Indeed, 6-OHDA poorly crosses the blood-brain barrier (BBB), hence failing to accumulate within the brain parenchyma to meaningful neurotoxic concentrations following systemic injections. To circumvent this problem, 6-OHDA has to be injected directly into the brain either free-hand or by stereotaxic means. As such, over the years several local sites of injection have been used to damage the central dopaminergic pathways including intraventricular, intracisternal, and intracerebral. 7 Although these models of lesioning have been primarily utilized in rats, sometimes mice and even monkeys have also been subjected to 6-OHDA lesioning. 9 -11,19 -22 As far as the intraventricular and intracisternal administration of 6-OHDA is concerned, both produce a bilateral catecholaminergic lesion, observed within a few hours of the injection of the toxin, with generally very limited re-growth of affected nerve fibers. 7 However, when a bilateral 6-OHDA lesion is severe, animals often die primarily due to the occurrence of marked aphagia, adipsia, and seizures. 23, 24 Accordingly, a much more popular and practical model of 6-OHDA is the unilateral intracerebral injection. The latter can be successfully used to target a particular catecholaminergic pathway of the brain. 25, 26 To specifically damage the nigrostriatal dopaminergic pathway, 6-OHDA is injected stereotaxically into the substantia nigra, the medial forebrain bundle (that comprises the nigrostriatal tract), or the striatum.
7,27 After 6-OHDA injections into substantia nigra or the medial forebrain bundle, dopaminergic neurons start to die within the first 24 h and show a nonapoptotic morphology. 28 Maximal reduction of striatal dopamine level is reached within 3-4 d after lesion, 29 and, in most studies, residual striatal dopamine content is less than 20% of controls. Interestingly, despite the dramatic loss of dopaminergic neurons in the substantia nigra after a medial forebrain bundle injection of a high dose of 6-OHDA, levels of extracellular dopamine are still close to normal. 30 Perhaps this can be explained by a somatodendritic release of dopamine from the few spared neurons in the substantia nigra. When injected into the striatum, 6-OHDA produces a more protracted retrograde degeneration of the nigrostriatal system which can last from 1-3 wk after lesion, 31, 32 and the dying neurons exhibit a varied morphology including some features reminiscent of apoptosis. 33 In addition to the lesion of the dopaminergic system, gliosis is also a prominent feature of the 6-OHDA model. 34 Many data support the idea that the glial response in experimental models of PD, especially of microglia, exacerbates the degeneration of dopaminergic neurons. 3 However, other studies also indicate that, under specific circumstances, the activation of astrocytes, produced in rats by the administration of interleukine-1␤ before a 6-OHDA-induced lesion, mitigates rather than enhances toxicity on dopaminergic neurons. 35 If confirmed, this observation would argue that the temporal relationship between the initiation of glial activation and dopaminergic neuronal death is critical in defining the role of the different kinds of glial cells in the neurodegenerative process. Finally, LB formation has never been convincingly demonstrated in the brain of 6-OHDA-lesioned rats, a lack that will be regarded by some as a major shortcoming of this model.
In terms of behavioral abnormalities, Rodriguez and collaborators 36 have reported that the few rats that survive and recover normal ingestion and weight following bilateral 6-OHDA lesion exhibit motor abnormalities that are partially corrected by drugs that stimulate dopaminergic receptors. Further description of the motor abnormalities of rats with bilateral 6-OHDA lesion can be found in Cenci and co-authors. 37 In contrast, unilateral injections cause a typical asymmetric circling motor behavior whose magnitude in rodents depends on the degree of nigrostriatal lesion. 31, 38, 39 This specific behavioral abnormality is most prominent after administration of drugs that stimulate dopaminergic receptors, such as apomorphine (rotation away from the lesion), or drugs that stimulate the release of dopamine, such as amphetamine (rotation toward the lesion), due to physiologic imbalance between the lesioned and the unlesioned striatum. Quantification of this turning behavior has been used extensively to assess the antiparkinsonian potency of new drugs, 40 transplantation, and gene therapies 41, 42 and to study the motor fluctuations in the chronic treatment with levodopa. 43, 44 Moreover, Olsson et al. 45 developed a very useful stepping test for unilateral-lesioned-rats that shows a forelimb akinesia that is improved by dopaminergic stimulation and which is reminiscent of the slowness of movements seen in PD patients. Several additional motor tests have also been developed and validated in 6-OHDA rats, including a model of L-DOPA-induced dyskinesia; all of these are discussed and evaluated in details by Cenci and coauthors elsewhere. 37 The 6-OHDA model has also been used successfully to demonstrate the importance of dopamine stimulation for the proliferation of precursor cells in both the subependymal and the subgranular zones of the adult brain in rats. 46 It also allowed to demonstrate that, contrary to earlier reports, there is no evidence for de novo generated dopaminergic neurons in the adult rat substantia nigra. 47 In conclusion, although technically this specific model may be more challenging to use than some others discussed below, the huge body of work based on its utilization represents a significant impetus for using it in a variety of investigations. In keeping with this, the reader must remember that the unilateral 6-OHDA rat model has been and continues to be one of the most popular experimental models of PD when it comes to the preclinical testing of new symptomatic therapies, neuroprotective strategies (e.g., trophic factor delivery), and transplantation approaches. 20,44,48 -55 Also important to remember is the instrumental role played by the unilateral 6-OHDA rat model in the identification of key neurotransmitter pathways governing the functional neuroanatomy of the basal ganglia. 56 -60 Yet, for studying the fine molecular basis of dopaminergic neuronal death, the stereotaxic injection of 6-OHDA, especially in the substantia nigra, may be problematic as the insult, and the molecular mechanisms of cytotoxicity recruited by it may differ among cells depending if they are located near or far from the site of injection. However, despite this caveat, many data show that 6-OHDA neurotoxicity provokes molecular alterations comparable to those seen in PD, 61 thus supporting the meaningfulness of this model to explore the mechanisms of neurodegeneration in PD.
THE HUMAN PARKINSONIAN NEUROTOXIN, 1-METHYL-4-PHENYL-1,2,3,6-TETRAHYDROPYRIDINE
In the early 1980s, several drug users from Northern California developed an acute state of akinesia (initially confused with catatonia) following the intravenous injection of a street preparation of 1-methyl-4-phenyl-4-propionpiperidine (MPPP), an analog of the narcotic meperidine. 62 After fine detective work, it was found that MPTP, which was inadvertently produced during the illicit synthesis of MPPP, was the culprit behind this dramatic clinical picture. 62 The chemical structures of MPPP and MPTP are shown in Figure 2 .
Since this discovery, the mitochondrial electron transport chain complex I inhibitor MPTP has been used in a variety of mammalian species to model PD ranging from nonhuman primates to invertebrates such as worms. 63, 64 During the past years, several reviews dedicated to the MPTP model have been published, of which most focused on the effects of MPTP in small vertebrate animals such as mice. 65, 66 It is to note that dopaminergic neurons in rats are relatively resistant to MPTP-induced neurotoxicity for reasons remaining unclear. As the reader will see in these previous reviews, an enormous body of work regarding the elucidation of the mechanisms of dopaminergic neuron death and the development of experimental neuroprotective therapies has been achieved thanks to the use of the MPTP mouse model of PD. In that sense, a large variety of MPTP administration procedures have been developed; for more details, interested readers can refer to Przedborski et al. 65 Yet, rarely and often briefly is the question of MPTP in humans and monkeys discussed in these papers. Thus, this review will rather summarize this aspect of the MPTP story, which after all represents a striking competitive advantage over any other model of PD that either lacks or seldom utilizes primates.
It is now well established that MPTP produces, in both humans and monkeys, an irreversible and severe parkinsonian syndrome, characterized by all of the cardinal features of PD, including tremor, rigidity, slowness of movement, postural instability, and even freezing. Yet, in nonhuman primates, the typical 4-Hz resting tremor of PD has only been demonstrated convincingly in the African green monkey 67 ; other species of monkeys rather exhibit a postural/action tremor. Cognitive impairments evidenced by poor performances on constructive, verbal fluency and executive function tests were demonstrated in MPTP patients. 68, 69 Apparently, not in humans 68, 69 but in monkeys intoxicated with MPTP, 70 deficits in maintenance of a response set and difficulties in shifting attentional sets were also found. Impaired ability to sustain spatial attention or to focus attention, deficit in motor readiness and planning, and impaired time estimation were observed in these animals. 70 Collectively, these cognitive alterations are consistent with attention and executive functional deficits following MPTP intoxication, which is very similar to some of the cognitive alterations seen in PD patients. As emphasized by Stern, 68 it is also remarkable to note that none of the symptomatic individuals who were intoxicated with MPTP showed neurological signs others than those expected for PD; a similar statement may be true for MPTP-injected monkeys.
On a therapeutic point of view, both humans and monkeys intoxicated with MPTP respond very well to anti-PD treatments such as L-DOPA/carbidopa. However, as in PD patients, 71 long-term treatment with L-DOPA leads to hyperkinetic motor complications called dyskinesia, which can be as disabling as the parkinsonian symptoms themselves. For instance, among the seven indexed MPTP human cases, five developed dyskinesia within the first year of treatment with L-DOPA/carbidopa. 72 As of yet, the occurrence of L-DOPA-induced motor complications remains a major impediment to the proper management of PD patients. Here, the MPTP monkey model has emerged as an invaluable tool to investigate the molecular basis of these drug-induced abnormal movements and to test therapeutic strategies to control them. 73 This fact is elegantly illustrated in the recent study by Bézard and collaborators 74 in which the administration of a D3-dopamine partial agonist was shown to markedly improve L-DOPA-induced dyskinesia in MPTP monkeys, without exacerbating the parkinsonian symptoms.
Neuropathological data in both humans and monkeys 75, 76 indicate that MPTP causes damage to the nigrostriatal dopaminergic pathway identical to that seen in PD. 77 Moreover, like PD, MPTP causes a greater loss of dopaminergic neurons in the substantia nigra than in the ventral tegmental area 78, 79 and, in monkeys intoxicated with low doses of MPTP (but not in humans), a greater degeneration of dopaminergic nerve terminals in the putamen than in the caudate nucleus. 80, 81 However, as for 6-OHDA, LBs have thus far not been convincingly observed in MPTP-induced parkinsonism 76 ; however, in older MPTP-injected monkeys, intraneuronal proteinaceous inclusions reminiscent of LBs have been described. 82 At this point, it is still unknown whether the lack of definite LB formation in the MPTP model is due to the actual molecular mechanism by which MPTP kills dopaminergic neurons or rather the rate by which this neurotoxin destroys dopaminergic neurons. Indeed, all regimens of MPTP intoxication, even if achieved through several low dose injections, provoke in reality a unique or recurrent acute insult.
One other unsettled issue surrounding the neurotoxicity of MPTP is whether an acute exposure to this parkinsonian neurotoxin causes a progressive neurodegen- eration. On the one hand, Burns and collaborators 83 reported the case of a young chemist who developed parkinsonism after substantial laboratory exposure to MPTP and who failed to show any evidence of worsening of his neurological condition over several years. On the other hand, positron emission tomography performed twice, 7 years apart, on 10 individuals exposed to MPTP, revealed worsening of striatal [ 18 F]fluorodopa uptake in these patients. 84 Moreover, postmortem studies in three individuals who survived 3-16 years after exposure to MPTP 85 and in six monkeys who survived 5-14 years after exposure to MPTP 86 showed evidence of extracellular neuromelanin accumulation and activated microglia in the substantia nigra, two neuropathological features consistent with an ongoing degenerative process. As previously speculated, 66 these findings suggest that a single acute MPTP insult can set in motion a self-sustained cascade of cellular and molecular events with long-lasting deleterious effects.
Although a large body of work with MPTP has been accomplished in monkeys, nonhuman primates have not generally been used to study the molecular mechanisms of dopaminergic neurodegeneration; instead, the MPTP administration to mice (essentially by systemic injections), and to a lesser extend to rats (essentially by intracerebral injection) are typically used for such studies. 2, 66 Conversely, the monkey MPTP model remains the gold standard for the assessment of novel strategies and agents for the treatment of PD symptoms. For example, electrophysiological studies in MPTP monkeys have led to the demonstration that hyperactivity of the subthalamic nucleus is a key factor in the development of bradykinesia and rigidity. 87 This finding prompted investigators to consider targeting the subthalamic nucleus by using high-frequency electric stimulation in an attempt to ameliorate the motor function of PD patients with intractable symptoms. 88 MPTP-injected monkeys 89, 90 were also used to demonstrate that the delivery of glial-derived neurotrophic factor (GDNF) can limit nigrostriatal dopaminergic neurodegeneration and promote behavioral recovery when given before lesioning animals, 90 both of which are important advances in the treatment and understanding of PD over the last decade.
ROTENONE: FROM PESTICIDE TO MODELING PD
Among the toxic animal models of PD, rotenone represents one of the most recently used approaches. 91 Rotenone is the most potent member of the rotenoids, a family of natural cytotoxic compounds extracted from various parts of Leguminosa plants. Rotenone's chemical structure is presented in Figure 3 .
Rotenone is widely used around the world as insecticide and piscicide. 92 In the United States, treated areas are restricted, and treatment dates are selected outside the periods of crop irrigation and swimming. 92 Rotenone readily breaks down by exposure to sunlight. Nearly all of the toxicity of the compound is lost in 5-6 days of spring sunlight or 2-3 days of summer sunlight. Rotenone is also rapidly broken down in soil and in water. The half-life in both of these environments is between 1 and 3 days. 92 Because of its short half-life and because it does not readily leach from soil, it is not expected to be a groundwater pollutant. Consequently, the likelihood of PD being caused by an environmental exposure to rotenone is low, to not say null. Conversely, it must be remembered that many environmental neurotoxins other than rotenone have a long half-life. Thus, if rotenone appears an unlikely culprit, several others could account for the epidemiological data showing that the risk of PD increases with exposure to pesticides. 93, 94 The most common way that rotenone exposure to humans would take place is through ingestion. However, absorption in the stomach and intestines is slow and incomplete, and the liver breaks down the compound effectively. These facts make it unlikely that meaningful amounts of rotenone could enter the general circulation, unless enormous quantities are ingested. Consistent with this view is the fact that chronic ingestion of rotenone to rats for 24 months at doses 30 times greater that used to model PD by systemic infusion 91 failed to cause any behavioral or neuropathological features of the disease. 95 Nevertheless, there is one case of fatal rotenone poisoning after its acute ingestion. 96 At autopsy, rotenone was found in the blood, liver, and kidney, but not in brain.
Like MPTP, rotenone is highly lipophilic and thus readily gains access to all organs including the brain. After a single intravenous injection, rotenone reaches maximal concentration in the CNS within 15 min and decays to about half of this level in less than 2 h. 97 Its brain distribution is heterogeneous, 97 paralleling regional differences in oxidative metabolism. 97 Rotenone also freely crosses all cellular membranes and can accumulate in subcellular organelles such as mitochondria. In mitochondria, rotenone impairs oxidative phosphorylation by inhibiting reduced nicotinamide adenine dinucleotide (NADH)-ubiquinone reductase activity through its binding to the PSST subunit of the multipolypeptide enzyme complex I of the electron transport chain. 98 Aside from its action on mitochondrial respiration, rotenone also inhibits the formation of microtubules from tubulin. 99, 100 This effect may be quite relevant to the mechanism of dopaminergic neurodegeneration because excess of tubulin monomers may be toxic to cells. 101, 102 Interestingly, a protein implicated in some familial forms of PD, parkin, appears to bind to tubulin, thereby enhancing the ubiquitination and degradation of misfolded tubulins, an effect that is lacking with the PD-linked parkin mutants. 103 Rotenone has been used extensively as a prototypic mitochondrial poison in cell cultures, but less frequently in living animals. Exposure of embryonic ventral midbrain cultures to rotenone causes major neurotoxicity, 104 especially in the presence of microglial cells. 105 In these two studies, markers of dopaminergic neurons were more altered than those of ␥-aminobutyric acid (GABA) neurons, suggesting greater susceptibility of dopaminergic neurons to such an insult. In animals, rotenone has been administered by different routes. As stated above, oral delivery of rotenone appears to cause little neurotoxicity in animals. 95 Systemic administration, on the other hand, often causes toxicity and lethality, the degree of which is related to the dose used. Stereotaxic injection of rotenone into the median forebrain bundle depletes striatal dopamine and serotonin. 106 Rats treated for a week with 10-18 mg/kg · day of rotenone by intravenous infusion show bilateral lesions of the striatum and the globus pallidus, characterized by neuronal loss and gliosis. 107 In that study, the nigrostriatal dopaminergic pathway remained unaffected. 107 Similarly, subcutaneous injection of either 15 mg/kg of rotenone once or 1.5 mg/kg multiple times, although causing fatality, failed to affect striatal dopaminergic contents in mice. 108 Conversely, Greenamyre and collaborators 91, 109 have found that intravenous and subcutaneous infusion of 2-3 mg/kg · day of rotenone for about 3 weeks to rats does produce nigrostriatal dopaminergic neurodegeneration. By quantitative analysis, it appears that substantia nigra dopaminergic neuron numbers are reduced by about 30% in rotenone-infused rats compared with vehicle controls. 110 This study also shows that the numbers of mesolimbic dopaminergic neurons, the cell bodies of which reside adjacent to the substantia nigra in the ventral tegmental area (VTA), are unchanged by rotenone administration. 110 In the striatum, the average loss of dopaminergic fibers is estimated to be 55% after rotenone infusion in rats, 110 that, like in PD, is greater than the loss of substantia nigra dopaminergic neurons. Despite the use of the exact same regimen of rotenone, the severity of the striatal dopaminergic damage in rats within a given experiment appears highly variable, ranging from none to near complete. 91,109 -112 After the infusion of rotenone, the loss of tyrosine hydroxylase-positive fibers in the striatum is either focal, showing a zone of maximal loss at the center, or diffuse 91,109 -112 ; whether the latter represents a more severe lesion of the striatal dopaminergic fiber network than the former remains to be demonstrated. Of note, the focal loss in the center of the striatum seen in some of the lesioned rats is a pattern that differs from that of PD in which the dorsolateral quadrant of the striatum is typically the most affected.
In contrast to the 6-OHDA and MPTP models, in rotenone-infused rats, some of the remaining substantia nigra dopaminergic neurons contain proteinaceous inclusions. 91, 109, 110 Like LBs in PD, these inclusions are immunoreactive for both ubiquitin and ␣-synuclein, 91 and by electron microscopy they appear composed of a dense core with fibrillar peripheral elements. 91 Likewise in PD in which neurodegeneration extends beyond the dopaminergic system, 77 rotenone infusion is associated with 35% reduction in serotonin transporter density in the striatum, 26% reduction of noradrenergic neurons in the locus coeruleus, and 29% reduction in cholinergic neurons in the pedunculopontine nucleus. 110 Although the initial descriptive studies did not report any striatal lesion, 91 the number of dopamine-regulated phosphoprotein-32 projecting neurons, cholinergic interneurons and reduced nicotinamide adenine dinucleotide phosphate (NADPH) diaphorase-positive neurons in the striatum were all found significantly reduced by the infusion of rotenone in rats. 110, 111 Unexpectedly, even at doses of rotenone that did not damage the nigrostriatal dopaminergic pathway in rats, Höglinger and collaborators 110 still found significant loss of intrinsic striatal neurons. Remarkably, Zhu and collaborators 112 found that the rotenone-induced intrinsic striatal neuronal loss occurs especially in those rats exhibiting the central striatal loss of tyrosine hydroxylase immunoreactivity mentioned above. These results indicate that rotenone exerts a much more widespread neurotoxicity than initially thought and, contrary to the initial contention, it does not consistently spare striatal postsynaptic dopaminergic neurons. Nor do the nigrostriatal dopaminergic neurons appear preferentially sensitive to rotenone intoxication.
Behaviorally, rotenone-infused rats exhibit reduced mobility, flexed posture, and in some cases rigidity 109 and even catalepsy. 113 Four weeks after the infusion of rotenone, rats show more than 70% reduction in spontaneous motor activity. 110 Although this required independent confirmation, these motor abnormalities appear to be reversed by L-DOPA administration. 114 However, some rotenone-infused rats without nigrostriatal dopaminergic lesion have been reported to exhibit a similar set of motor abnormalities. 109 In addition, indices of dopaminergic damage across different doses of rotenone did not correlate with motor behavior in individual rats. 115 Therefore, whereas the rotenone-related motor abnormalities are dramatic, it is still questionable that they result from a loss of nigrostriatal dopaminergic neurons and thus the use of these behavioral alterations as an experimental correlate of PD symptoms must be done with caution.
Based on this review, it may be concluded that the chronic administration of rotenone has still a long way to go to become a routine PD model, due to its inconsistent and unpredictable effect on the nigrostriatal pathway. Unless these problems are resolved, it is unlikely that preclinical neuroprotection studies could be carried out successfully in such a model.
THE NEUROTOXIC HERBICIDE PARAQUAT
The potent herbicide paraquat (N,NЈ-dimethyl-4-4Ј-bipiridinium) is another prototypic toxin known to exert deleterious effects through oxidative stress. Indeed, as reviewed elsewhere, 6 paraquat toxicity is mediated by redox cycling with cellular diaphorase such as nitric oxide synthase, 116 yielding ROS. As detailed, 6 the actual reduction-oxidation cycling reaction of paraquat can thus be depicted in Figure 4 . Thus far, there have been several cases of lethal poisoning resulting from ingestion or dermal exposure. 117 For many years, experimental studies using paraquat were focusing on its effects on lung, liver, and kidney probably because the toxicity induced by this herbicide in these organs is responsible for death after acute exposure. However, significant damage to the brain is seen in individuals who died from paraquat intoxication 118, 119 despite the fact that paraquat poorly crosses the BBB spontaneously. 120 Furthermore, epidemiological studies have suggested an increased risk for PD due to paraquat exposure, 121 raising the possibility that paraquat could be an environmental parkinsonian toxin. In keeping with this, it is relevant to point out that paraquat exhibits a striking structural similarity to MPTP toxic metabolite 1-methyl-4-pheylpyridinium (MPP ϩ ) (FIG. 5) . Upon its systemic injection to mice, confusing results have been reported. Some investigators have published reduced motor activity and dose-dependent losses of striatal dopaminergic nerve fibers and substantia nigra neuronal cell bodies in paraquat-treated mice. 122 It seems quite clear that, in this case, paraquat did enter the brain via the assistance of L-neutral amino acid transports, as pretreatment of animals with L-valine or L-phenylalanine completely prevented neurodegeneration. 123 Other investigators, however, have initially failed to see any behavioral abnormality or nigrostriatal dopaminergic pathway damage in similarly treated mice, 124, 125 but then 125 they also found selective nigral dopaminergic cell loss in mice injected with paraquat. 126 Aside from this bewildering aspect, it must be stressed that levels of ␣-synuclein were reported as elevated in both the frontal cortex and ventral midbrain as well as ␣-synuclein-positive inclusions in substantia nigra neurons of mice treated with paraquat. 127 As far as the observed ␣-synuclein upregulation is concerned, it may not be a noxious mediator of paraquat-induced neurotoxicity because dopaminergic neurons from transgenic mice expressing high levels of either wild-type or mutant ␣-synuclein appear more resistant to paraquat than those from their nontransgenic counterparts. 128 Still, we cannot rule out that compensatory mechanisms may have occurred in these constitutive transgenic animals, hence confounding the interpretation of the role that high levels of ␣-synuclein may have on dopaminergic neurons. This cautionary note is particularly relevant in light of the fact that increased expression of ␣-synuclein is noxious in its own right to dopaminergic neurons in humans. 129 The association of dopaminergic neuron death with ␣-synuclein up-regulation and aggregation suggests that the paraquat model could be quite valuable for reproduc- ing a PD-like pathology (e.g., nigral cell loss and synuclein pathology). Although ROS are incontestably involved in the deleterious mechanism by which paraquat kills dopaminergic neurons, the molecular link between oxidative stress and cell death in this model remains unknown. It appears, however, that paraquat can trigger the sequential activation of c-Jun N-terminal kinase (JNK), c-Jun, and caspase-3 both in vitro and in vivo, 130 suggesting that JNK signaling pathways could mediate paraquat-induced neurodegeneration.
It is worth mentioning that the fungicide manganese ethylenebisdithiocarbamate, or Maneb, which is used in overlapping geographical areas with paraquat, has been shown to decrease locomotor activity and potentiate paraquat effects on the nigrostriatal pathway in mice. 124, 125 In these studies, combined paraquat and Maneb exposures produce greater effects on the dopaminergic system than either of the chemicals alone. 124, 125 However, in none of these studies did the authors assess phenotypic markers for neuronal populations other than the dopaminergic neurons. Thus, whether GABAergic neurons, cholinergic neurons, or even astrocytes are also affected after paraquat injection, which is likely, is unknown. Therefore, at this point it remains unclear whether the observed paraquat/Maneb cytotoxicity is really specific to the dopaminergic systems and could thus be regarded as a reliable experimental model of PD. Interestingly, Maneb has also been used in several studies to ascertain whether a pre-or postnatal insult by an environmental toxicant to the developing brain could give rise to an adult-onset neurodegenerative process involving the nigrostriatal dopaminergic pathway.
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CONCLUSION
This review summarized the salient aspects characterizing the four most popular toxic models of PD. Although all four neurotoxins reviewed here are thought to kill dopaminergic neurons, they all produce specific clinical or neuropathological abnormalities that make them different from each other. As we have stressed herein, each model has advantages and shortcomings, and none should be regarded as suitable to represent all aspects or to address all questions that pertain to PD. Thus, the take home message is that none of the presented models is perfect, and the selection of one over the other must be governed solely by the question and the type of investigations to be undertaken. In other words, we must always ask ourselves before embarking on a study using a model of PD: which model may be best suited to address the question to be investigated?
